Most clustering techniques do not incorporate phenotypic data. Limited biological interpretation is garnered from the informal process of clustering biological samples and then labeling groups with the phenotypes of the samples. A more formal approach of clustering samples is presented. The method utilizes simulated annealing of the Modk-prototypes objective function. Separate weighting terms are used for microarray, clinical chemistry and histopathology measurements to control the influence of each data domain on the clustering of the samples. The weights are adapted during the clustering process. A cluster's prototype is representative of the phenotype of the cluster members. Genes are extracted from phenotypic prototypes obtained from the livers of rats exposed to acetaminophen (an analgesic and antipyretic agent) that differed in the extent of centrilobular necrosis. Map kinase signaling and linoleic acid metabolism were significant biological processes influenced by the exposures of acetaminophen that manifested centrilobular necrosis.
Introduction
Clustering of microarray gene expression data is a common practice to find groups of genes that may be under coordinate regulation. 1 Various types of clustering strategies have been employed to group the data. Hierarchical clustering uses an agglomerative, bottom-up approach for grouping the data. k-means clustering partitions the data into clusters from the top-down. Self organizing maps (SOM) uses an unsupervised neural network framework for clustering the data into patterns that have an order associated with them. Most clustering methods simply use the gene expression data alone to group the samples or genes. In other words, they do not utilize the biological information about the samples or genes along with the gene expression data for performing the clustering. Including phenotypic information into the clustering of gene expression data may lead to a more informed analysis of the biology of the samples.
An additional limitation with clustering gene expression data is that the number of clusters in the data needs to be known. For instance, in k-means clustering, the number of k-clusters in the samples needs to be defined upfront. Likewise, with SOM, the topology (n rows by m columns) of the nodes for the neural networks has to be decided upon prior to running the algorithm. Furthermore, in hierarchical clustering one has to decide at what value to cut the dendrogram in order to generate meaningful clusters. More importantly, clustering methods like k-means are not assured to find the global minimum of the objective function and hence, cannot guarantee the optimal clustering solution. These limitations can potentially jeopardize the biological interpretation garnered from the clustering of the data.
Recently, simultaneous clustering of microarray gene expression data with clinical chemistry measurements and histopathology observations was shown to be advantageous for identifying "phenotypic prototypes" that are descriptive of, and phenotypically anchored to end-points of toxicity. 2 The method called Modk-prototypes involves constructing an objective function for microarray and clinical chemistry numeric data and simple matching for histopathology categorical values. Recursion was used to update the prototypes in order to find the configuration of the initial k-prototypes which ultimately results in the reduction of the objective function closest to the global minimum. The approach works well generally but is not designed to find the global optimum of the clustering solution. Hence, the phenotypic prototypes of the clusters of samples may not be optimized.
Clustering by simulated annealing has been applied recently to optimize the grouping of genes based on gene expression data. Although simulated annealing does not guarantee the global optimum of a clustering solution, it performs quite well at avoiding local minima. Simulated annealing has been used to cluster expression data based on mutual information and fuzzy membership of the genes. 3 More sophisticated applications of clustering gene expression data was proposed where a Genetic Algorithm was employed with simulated annealing to group multiple classes of samples. 4 The approach improved on the clustering of the data by maximizing internal cluster cohesion and external cluster isolation. Despite these successful applications of simulated annealing to cluster gene expression data, the use of it to improve the clustering of biological samples based on microarray data and associated phenotypic measurements has not been investigated.
A clustering approach called simulated annealing of Modk-prototypes (SA-Modk-prototypes) to group biological samples based on microarray gene expression data and classes of known phenotypic variables in an optimized fashion is proposed in this paper. The method utilizes simulated annealing for optimization of an objective function comprised of the sum of the squared Euclidean distances for microarray and clinical chemistry numeric data and simple matching for histopathology categorical values. Separate weighting terms are used for microarray, clinical chemistry and histopathology measurements to control the influence of each data domain on the clustering of the samples. The dynamic validity index and category utility measure for numeric and categorical data respectively, are used to validate the clustering of the biological samples. A cluster's prototype, formed from the mean of the values for numeric features and the mode of the categorical values of all the samples in the group, is representative of the phenotype of the cluster members. For SA-Modk-prototypes clustering, we use a gene expression data set and phenotypic measurements (clinical chemistry and historpathology) from the livers of rats treated with acetaminophen; an analgesic and antipyretic agent that causes centrilobular necrosis. Genes extracted from the prototypes of the clusters are shown to be anchored to the phenotypes of the samples.
Methods and Materials

Acetaminophen microarray gene expression data and analysis
Microarray gene expression data was derived from left liver lobe mRNA samples collected from 4 male Fischer F344/N rats per dose group exposed to either 50mg/kg, 150mg/kg (low doses), 1500mg/kg or 2000mg/kg (high doses) body weight acetaminophen during a light period (between 12 noon and 1 pm) as well as liver mRNA collected from control (vehicletreated) male rats. 5 Animals were sacrificed and mRNA extracted from liver specimens 6, 18, 24, or 48 hrs after treatment. Each RNA sample from a treated animal was compared with a pool of time-matched control mRNAs and analyzed in duplicate (dye reversal experiments) on Agilent rat oligonucleotide microarrays (Agilent Technologies, Palo Alto, CA). Acetaminophen exposure to the rat liver at 50 and 150 mg/kg is subtoxic. However, 1500 and 2000 mg/kg doses induce severe toxicity which peaks 24hrs after exposure but the rats show signs of recovery 48hrs after exposure. Scanning of the microarray chips, acquisition of data from scanned images and data analysis were as previously described. 2 , 6
Acetaminophen histopathology observations and clinical chemistry evaluations
Forty eight histopathological observations of the acetaminophen-treated rat liver specimen slides and ten clinical chemistry measurements on biosamples from the treated animals were collected as previously described. 5 Microscopic qualifiers were categorized as no, minimal, mild, moderate or marked. Elevated levels of Alanine Aminotransferase (ALT) and Aspartate aminotransferase (AST) correlate with liver injury. Missing values were imputed for rats #s 308 and 309 with either the group average or the overall mean value for each clinical chemistry evaluation.
Modified k (Modk) -prototypes objective function
The k-prototypes algorithm 7 which combines the k-means and the k-modes objective functions for clustering numeric data and categorical values respectively, was modified to include separate numeric components for the microarray and the clinical chemistry data resulting in the following Modk-prototypes 2 objective function: (1) where X i is the i th sample, for i = 1 to N number of samples, Q l is the l th prototype, for l = 1 to K number of clusters, x ij and q lj are values of the j th attribute for sample i and the prototype of cluster l respectively, m r is the number of microarray numeric attributes, m s is the number of clinical chemistry numeric attributes, m c is the number of histopathological categorical attributes, α, β and γ denote the weights (W) for the microarray, clinical chemistry and histopathology data domain dissimilarity measures, respectively. The weights for data domain d at the n th step (W d [n] ) are adapted (for controlling how much each data domain contributes to the clustering of the samples) as follows: (2) where tau (τ) is the exponential weighting update factor in the range [0,1] and avecorr (X d , Q d ) is the average correlation coefficient (Pearson for numeric data, Jaccard for categorical data) between the samples and the prototypes based on the feature values from domain d. The value of τ was set to 0.05 in order to adjust the weight of each domain by 5% at each iteration. The weights are non-negative and their sum is constrained to equal one. The weights can easily be constrained to always be above some lower bound, e.g. 0.05, or even fixed at proportions that are appropriate or reasonable to a domain expert. The data for the numeric features were scaled so that each yields a contribution between zero and one to the dissimilarity measure. For categorical feature values, the dissimilarity measure between and is defined by the total number of mismatches of the corresponding histopathologic features from the sample and the prototype and respectively such that (3) where (4) 
Simulated annealing of the modk (SA-Modk) -prototypes objective function
Simulated annealing is a simple and general algorithm for locating global minima. The process follows the cooling of a physical system whose possible energies correspond to the values of the objective function being minimized. The use of the Metropolis algorithm for Monte Carlo approximate numerical simulation in simulated annealing has been described. 8 The simulated annealing procedure involves a slow cooling process where a temperature starts out high and then is gradually lowered until a frozen state of the system is reached. At each temperature, the state of the system is perturbed many times to avoid initialization dependency. The process decreases the temperature along a predefined cooling schedule until the system reaches thermal equilibrium at a low temperature and on the basis of a decreasing energy objective function. For a given temperature T, the fraction of the time spent in any state w is proportional to exp (−E(w)/T). The states visited by the Metropolis algorithm have frequencies which follow the Boltzmann distribution with the probability of accepting a state of the system being (5) where K is Boltzmann's constant and ΔE is the difference in the energy objective function between the trial and current states. In the simulated annealing Modk-prototypes algorithm (SA-Modk-prototypes) implementation N = 100 states are visited by the Metropolis algorithm, a state is the cluster assignment of the samples, the temperature of the system is decreased from an initial value of one to a final value of 0.01 and the system's energy objective function is Eq.
(1). If w 0 and w 1 denote current and trial cluster assignments respectively, with E(w 0 ) and E (w 1 ) denoting the energies of the objective function for the current and the trial states respectively, then w 1 is accepted according to the acceptance probability (6) The rate that T decreases depends on a cooling schedule. The following cooling schedule is popular and was used in this study: (7) where T(k) is the temperature at the k th step and C is the cooling factor.
Determination of cluster number (k) and validation of cluster assignment
Determination of the number of clusters in the data set was by using the dynamic validity index (DVI) which is based on an intra/inter ratio validity index that also includes scaling of the intraand the inter-cluster distances. 9 (8) where (9) k is the number of clusters, N is the number of samples and intra is the average Euclidean distance between samples and the prototype Q of the cluster each sample is assigned to.
For mixed data with numeric and categorical values, DVI was modified to include a category utility (CU) measure 10 that defines the probability of matching a categorical feature value given a cluster versus the probability of the categorical feature value given the entire data set (10) where P(A i = V ij ) is the unconditional probability of feature A i taking on the value V ij , P(A i = V ij | C k ) is the conditional probability of A i = V ij given cluster C k , and k is the cluster number from 1 to m. DVI modified with CU is DVI_CU = (DVI+1/CU).
Validation of the cluster assignment was carried out using the adjusted Rand index R'. 12 Let n ij be the number of samples that are in both class (designation of the level of centrilobular necrosis) u i and cluster v j of the U and V partitions. Let n i. and n .j be the number of samples in class u i and cluster v j respectively and n ‥ = n, the total number of samples. Assuming a hypergeometric distribution as the model of the U and V partitions being picked at random such that the number of samples in the classes and clusters are fixed, the adjusted Rand index is (11) and ranges between 0 and 1. When two partitions agree totally, R' is 1 and when the partitions are selected by chance, R' is 0.
Extracting genes from the prototypes
Let the observed difference between the expression ratio of the g th gene (p in total) from the gene expression component of prototype q for the i th and j th (i not equal to j) clusters (k in total) be observed g = (q gi − q gi )and the expected change in expression be (12) Averaging over all genes gives an estimate of the expected difference between the expression ratio of a gene in the prototype of two clusters being compared. Assuming independence and an approximately normal distribution of differences, genes which have expression ratios which significantly distinguish between prototypes of clusters are evaluated and extracted using a standard chi-square (X 2 ) goodness-of-fit test 2 where (13) and the null hypothesis is that the expression value of the g th gene does not distinguish between prototypes of a pair of clusters that are compared. The null hypothesis is rejected at a level of α (the probability of a type I error) if X 2 c is greater than or equal to X 2 (1,α), the α-level critical value of a chi square distribution with 1 degree of freedom. An α of 0.05 gives reasonable results. Matlab code and a stand-alone executable program for the SA-Modk-prototypes algorithm are available at http://www.niehs.nih.gov/research/resources/software.
Results
A workflow for the simulated annealing algorithm is shown in Fig. 1 . At the start of the algorithm, parameters T 0 , T f , C, N, α, β and γ are set for the initial temperature of the system, the final temperature of the system, the cooling factor, the number of steps for the Metropolis algorithm and the weights for the microarray, clinical chemistry and histopathology data respectively. The system is initialized by randomly selecting k samples as the initial prototypes of the k-clusters. Each sample is then assigned to a cluster based on Eq. (1). This assignment is set as the current state of the system (w 0 ) and the energy of it E(w 0 ) is determined by summing Eq. (1) for all samples and all clusters. Next, the system is perturbed using the Metropolis algorithm by repeated random assignment of a sample to a cluster. This assignment is set as the trial state of the system (w 1 ) and the energy of it E(w 1 ) is derived as was for E(w 0 ). The change in the energy of the system [ΔE = E(w 1 )-E(w 0 ) ] and the Boltzmann probability distribution (see Eq. (5)) are used to decide on whether or not to accept w 1 (see Eq. (6)). Following that decision, the temperature is decreased according to the defined cooling schedule. Once the system is cooled to a final temperature, the algorithm ends by retuning the cluster assignment of the samples and the prototypes of the clusters.
Estimating the number of k clusters
To estimate the number of clusters in the data set, the dynamic validity index 9 (DVI) was used for the numeric data and a category utility 10 (CU) measure of cluster "goodness" for categorical data (DVI_CU) to minimized over all k sets for each run of clustering mixed data using the Modk-prototypes algorithm with equal weighting of the domain data. An independent data set (cDNA microarray gene expression data with clinical chemistry and histopathology observations) with 436 differentially expressed genes acquired from the livers of rats exposed to 50, 150, 1500 or 2000 mg/kg of APAP for 6, 24 or 48 hours was used to empirically estimate the number of clusters. 11 As shown in Fig. 2 , the plot of the DVI_CU validity measure minimizes at k = 3 but also very close to k = 4.
Having estimated the approximate number of clusters in a typical acetaminophen data set, the ability of the SA-Modk-prototypes algorithm to cluster the samples in the acetaminophen gene expression (oligonucleotide), clinical chemistry and histopathology data set according to the level of liver necrosis was assessed next. The indicator variable representing histopathological observations made by board-certified pathologists on the centrilobular region of the liver was removed from the data set prior to running the algorithm. This variable was then used as an external indicator to validate the assignment of samples to the clusters. This observation has four feature values for all the exposed samples denoting either no, minimal, mild, or moderate severity of necrosis of the centrilobular region of the liver. Using the SA-Modk-prototypes algorithm with k set at either three or four, equal weighting of the microarray, clinical chemistry and histopathology domain data and the cooling rate set at 0.1, 0.01 or 0.001, the adjusted Rand Index R' 12 and the General Silhouette S 13 were computed to determine the agreement of the two partitions (known and assigned) and the stability of the clusters respectively. An R' value of one denotes that the two partitions totally agree and zero when the agreement is by chance alone. A small or even negative value of S indicates the presence of one or more clusters with a sample at the outskirt of the group whereas a value close to one reflects clusters with samples more centrally located. As shown in Table 1 , k = 3 and the two faster cooling rates (C set at 0.1 or 0.01) produce the higher values for R' and S (0.67 and 0.65 respectively).
Weighting the domain data and clustering the samples
Perfect agreement of the clusters and the class labels derived from the observation of centrilobular necrosis of the liver (external indicator) was not attainable possibly due to the limitation in the grading of the necrotic regions of the rat liver (i.e. the amount of necrosis emphasized by the pathologists' grading system is potentially affected by preferential sampling of necrotic and non-necrotic tissues). However, to test the influence of each domain data type on the clustering of the samples, various weighting schemes were used in the objective function (Eq. (1)) to control the proportion of the dissimilarity measure contributed by the microarray, clinical chemistry and histopathology measurements. As shown in Table 2 , clustering the acetaminophen mixed data using the SA-Modk-prototypes algorithm with 49 times the weight applied to the microarray data relative to the clinical chemistry data and no weight given to the histopathology data (scheme 13) yielded the highest R' measure of 0.81. The clustering result is better than applying all the weight to the microarray data (scheme 5, i.e., k-means clustering). Furthermore, k-means clustering of the microarray data or k-modes clustering of the histopathology data (scheme 7) is less valid than k-means clustering of the clinical data alone (scheme 6). Interestingly, when all (scheme 6) or some ([at least 0.02] schemes 1, 3, 4, 8-13, and 15) weight was given to the clinical chemistry data, clustering assignments were generated that yield an R' of at least 0.67. The lowest R' values were computed when all the weight was split between the microarray and histopathology data (scheme 2), applied to either data domain exclusively (schemes 5 and 7) or when 99% of the weight was given to the microarray data and only 1% to the clinical chemistry data (scheme 14) . Note that the histopathology data had, essentially, a negligible effect on the validation of the clustering when combined with the other data (comparison of all the schemes).
Cluster assignment of the samples
The assignments of the samples from clustering the data with the weighting schemes that yielded the same R' values were identical (data not shown). The assignment of the samples from the clustering with schemes 13 (R' of 0.81) that produced the highest agreement with the original class labels of the samples differed from the assignment of the samples from the clustering with schemes 9, 11 and 12 (R' of 0.70) in that the samples from rat #s 405, 423 and 518 treated with 1500 mg/kg for 18 hours, 1500 mg/kg for 48 hours and 2000 mg/kg for 18 hours of acetaminophen respectively, showing minimal centrilobular necrosis and having an average ALT and AST of 193 and 379 respectively, were placed in the cluster of samples that exhibited a mode of the score for the group on the centrilobular necrosis pathology observation equal to a mild severity (an average ALT and AST of 1558 and 2619, respectively).
In the other case, these samples were assigned to the cluster of samples where no centrilobular necrosis was observed and the samples had low ALT/AST enzyme measures.
The result of the clustering of the samples with the highest validity score (scheme 13) reveals that Cluster 1 contains all the low dosed samples along with high dosed samples exposed for 6 and 18 hrs except for the sample from rat #s 520 which was exposed to 2000 mg/kg of acetaminophen for 24 hrs. This exposure was expected to give at least a moderate hepatotoxic phenotype, but notably, the ALT and AST levels for this animal was far below the treatment group average for these enzymes. Cluster 3 consisted of exclusively high dosed samples that were exposed for 18 or 24 hrs and showed elevated levels of ALT and AST above 6,600 UI/ L. Samples in Cluster 2 were essentially from animals which showed recovery from the toxic insult 48 hrs after exposure except for samples from rats #s 405, 407, 416, 420 and 518 which where exposed for only 18 or 24 hrs.
Phenotypic prototypes
The groups of samples from the SA-Modk-prototypes algorithm were analyzed for phenotypic prototypes by assessing the histopathologic feature value labels, clinical chemistry measurements, and genes from the prototypes of the clusters that (1) distinguish between pathologic outcomes and (2) best represent the underlying biology of the data. The clustering of the samples with k = 3 and α, β and γ set at 0.98, 0.02 and 0 respectively (scheme 13) allows the data from the microarray and clinical chemistry domains to contribute to the clustering of the data maximally and also permit the use of the histopathologic features as classifiers for discernment between the clusters of the samples by phenotype. Table 3 lists partial end-point prototypes of the resulting clusters. Samples in Clusters 2 and 3 were qualified by mild and moderate necrosis of the centrilobular region of the liver, respectively. By contrast, the majority of the samples in Cluster 1 had no centrilobular necrosis except for the two altered-responder rats (#s 520 and 423). The samples in Clusters 2 and 3 also showed moderately and markedly elevated ALT and AST enzyme levels respectively. The latter exhibited moderate congestion of the sinusoid region in the left medial lobe and minimal hypertrophy of the hepatocytes throughout. Furthermore, the samples from the rats in Cluster 2 were represented by a histopathologic prototype characterized by mild inflammatory cell infiltration in the centrilobular region and minimal regeneration of the hepatocytes, with the latter observed in the left lateral lobe region. Samples from rats #s 407, 416 and 420 were dosed with 1500 mg/ kg acetaminophen for either 18 or 24 hrs durations, but had only moderately elevated levels of ALT and AST in the 490 to low 6,000 UI/L range. The rest of the histopathology feature values for the three clusters were not informative (all had no observed end-point) and therefore not included as representative features in the phenotypic prototypes.
End-point components of the prototypes-
Of the clinical chemistry measurements listed in Table 3 for each cluster prototype, ALT and AST levels clearly distinguish Cluster 3 samples labeled with the prototype feature as moderate necrosis of the centrilobular region of the liver from the two other clusters. In addition, elevated levels of TBA and decreased SDH levels (from about 9 to 100 fold) and blood cholesterol differentiate samples in Cluster 3 from samples in Clusters 1 and 2 reasonably well. Fig. 3 illustrates the projection of the samples in 3-D space using the first 3 principal components (PCs) derived from the ~3100 differentially expressed genes. The samples are colored and shaped by their cluster assignment and severity of centrilobular necrosis respectively.
The distribution of the samples from the top right corner of the graph to the lower left corner shifts from samples that were assigned to Clusters 1 to Cluster 3 denoting samples with cluster prototypes representing none, to mild, to moderate centrilobular necrosis. It is clear from the projection of the samples that PC1 and PC2 together contribute to the separation of the samples classified by the severity of centrilobular necrosis. However, a few samples in Cluster 1 (no centrilobular necrosis end-point prototype) are projected in the space occupied by Cluster 2 samples (mild centrilobular necrosis end-point prototype) and are therefore, difficult to separate into their respective class space.
Expression component of the prototypes-Differences
in expression levels for each of the ~3100 genes between each cluster are shown in Fig. 4 . The Cluster 1 prototype labeled with no necrosis of the centrilobular region had the least amount of differential gene expression of the samples in the group. Samples in Clusters 3 and 2 with moderate and mild necrosis of the centrilobular region as representative indicators respectively, had a few genes with over 2-fold differential expression. Pairwise comparisons of the expression component of the prototypes for the clusters were performed to extract genes that could statistically distinguish between levels of necrosis of the centrilobular region of the liver. A chi-square goodness-of-fit test 2 was employed using the observed difference in a gene's expression ratios between two prototypes and the expected gene expression differences of all pairwise comparisons for all genes in the prototypes. With α set at 0.05, 86 genes, including two glucose metabolism genes (for glucose-6 phosphate [G6pc] and the glucose kinase regulatory protein [Gckr]) and two inflammatory response genes (calgranulin B [S100a9] and interleukin 1 beta [Il1b]), were identified as significant and unique in distinguishing contrasts between different levels of necrosis of the centrilobular region of the liver.
A more informative picture of the differences between the samples in the clusters labelled with either no, mild or moderate necrosis of the centrilobular region of the rat liver was obtained by comparisons of Clusters 1, 2 and 3 using just the expression values of the 86 genes extracted from the prototypes (Fig. 5) . Most (about 75%) of the genes progressively increase or decrease in differential expression as the level of necrosis of the centrilobular region of the liver transitions from no, to mild, to moderate. A comparison of the 82 genes identified as significant in distinguishing contrasts between different levels of necrosis of the centrilobular region of the liver in the analysis of the data with the Modk-prototypes algorithm 2 and with the 86 genes from the analysis using the SA-Modk-prototypes algorithm in this paper reveals that 24 genes are in common between the two gene lists (Fig. 6 ) including a gene for heme oxygenase 1 (Hmox1). There are 62 unique genes from the analysis using the SA-Modk-prototypes approach. A subset of the genes represented in the Venn diagram (Fig. 6) is listed in Table 4 .
Gene Ontology and KEGG pathway analysis of the 144 genes by DAVID, the Database for Annotation, Visualization and Integrated Discovery 14 , revealed that the Map kinase (MAPK) signaling pathway and the linoleic acid metabolism pathway are the significant biological processes that have genes which are influenced by the exposures of acetaminophen manifesting centrilobular necrosis. In addition, Ingenuity Pathway Analysis of the 86 genes from a sample exhibiting moderate centrilobular necrosis (Rat #508 exposed with 2000 mg/kg acetaminophen for 24 hrs) reveals a central regulatory roles of p38 MAP kinase (Mitogen-activated protein kinase) that regulates many cellular processes including inflammation, cell differentiation, cell growth and death and JNK, the c-Jun N-terminal kinase group of MAP kinases which contributes to inflammatory responses as well as cell death (Fig. 7) . The complexes that interact with p38 MAP kinase and JNK (Gadd45a, IL-1β, Hmox1 and S100a9 for example) are induced substantially during stages of centrilobular necrosis in the rat liver while others are relatively unchanged in differential expression when compared to samples where no centrilobular necrosis is exhibited.
Discussion
Clustering microarray gene expression data has been useful for grouping genes that are coexpressed. Many clustering algorithms are suited to only cluster numeric or categorical data but not both. Clustering microarray gene expression data along with biological information about the samples has proven to be advantageous for grouping genes and samples that share biological relevance. For instance, a novel clustering approach called heritable clustering, incorporates epigenetic (genes monitored for hypermethylation according to a binary [0,1] status) and phenotypic data (clinical measurements encoded as ordinal categorical variables) to group tumor samples sufficiently well enough for discovery of informative pathways that adhere to strict heritability in breast cancer. 15 Other clustering methods have also accommodated either clinical data or histopathological observations about the samples in the grouping process by either linear models with regression coefficients representing strength of the association or by correlation with principal components of the microarray data. 16 , 17 In addition, a clustering method recently published partially integrates clinical measurements with microarray data through separate Bayesian networks that are joined by a single phenotype variable. 18 However, the extension of these types of clustering algorithms for full integration and optimized analysis of high dimensional gene expression data integrated with clinical data as continuous measurements and phenotypic data as categorical values simultaneously has not been investigated. The simulated annealing (SA)-Modk-prototypes algorithm presented in this paper is a continuation of the work of Bushel et al. 2 to permit grouping of biological samples based on microarray gene expression data and classes of known phenotypic variables in a more formal and optimized fashion. The method utilizes simulated annealing for optimization of an objective function comprised of the sum of the squared Euclidean distances for numeric microarray and clinical chemistry data and simple matching for histopathology categorical values in order to measure dissimilarity of samples. Separate weighting terms are used for microarray, clinical chemistry and histopathology measurements to control the influence of each data domain on the clustering of the samples.
A cluster's prototype, formed from the mean of the values for numeric features and the mode of the categorical values of all the samples in the group, is representative of the phenotype of the cluster members. The advantage of SA-Modk-prototypes clustering is that the phenotypic prototypes are derived from optimally-formed clusters of the biological samples (Table 1 and  Table 2 ).
From the clustering of samples based on gene expression, clinical and pathology data derived from rats exposed to acetaminophen, phenotypic prototypes were obtained from three clusters of the biological samples which showed signs of no, mild and moderate centrilobular necrosis of the rat liver. The clinical chemistry portion of the phenotypic prototype clearly indicates that the ALT and AST enzymes levels are elevated (indicative of liver injury) in the cluster of the samples with the moderate necrosis of the centrilobular region phenotype observation (Table 3) . Furthermore, the genes in the phenotypic prototypes with expression ratio values that contribute the most to discerning the three clusters of samples partitioned by their manifestation of a given severity of centrilobular necrosis of the rat liver (Fig 5, Fig 7 and Fig  8) , contain genes related to proliferation, hyperbilirubinemia, injury and hemorrhaging of the liver. Pathway analysis revealed that Map kinase (MAPK) signalling and the linoleic acid metabolism were significant biological processes that had genes which are influenced by the exposures of acetaminophen manifesting centrilobular necrosis (Table 5) . Linoleic acid is a polyunsaturated fatty acid that the liver converts to arachidonic acid, a primary target for lipid peroxidation. The role of lipid peroxidation in acetaminophen-induced toxicity has been controversial for sometime. [19] [20] [21] Only 24 genes were found to be in common between the lists of genes identified by Modkprototypes 2 and SA-Modk-prototypes clustering as discerning between necrosis of the liver in rats from acetaminophen treatment. The difference in the number and the specific genes that statistically distinguish between the levels of centrilobular necrosis is likely due to the cluster assignment of the samples when grouped using the two approaches. The Modk-prototypes clustering algorithm searches for clusters formed closest to the global minima of the objective function but does not guarantee finding the optimal clustering solution. On the other hand, the SA-Modk-prototypes clustering algorithm uses simulated annealing of the objective function to escape local optima in search for the global optimum. This is advantageous for effectively linking the phenotype of samples to groups of genes. This process of phenotypic anchoring has been described previously and approached by ad-hoc methods to link cause of a disease or response with the effect observed. 22 -25 Dugas et al. 26 approached phenotypic anchoring of gene expression data to characteristics of samples more formally by using multidimensional clustering (mdclust). However, the method can only match a single phenotype variable to a set of clustered samples. Li and Hong 27 proposed the use of the Rasch model (an item-response theory approach) for relating gene expression profiles to phenotypes described by latent factors. However, the method can suffer from the loss of information due to the discretization of the microarray data. The SA-Modk-prototypes method described in this paper goes further in that it allows a set of end-point measurements, either categorical or continuous, to be coupled to groups of samples that share gene expressions patterns and phenotypic characteristics without transforming the data to discrete values. Determination of k clusters in an acetaminophen data set. The acetaminophen data was clustered using the Modk-prototypes algorithm with equal weighting at values of k increasing from 2. The dynamic validity index with category utility (DVI_CU) on the y axis was computed and plotted for the clustering of the data at each value of k on the x axis. Principal component analysis of the gene expression data. The first 3 principal components (PCs) derived from the ~3100 differentially expressed genes were used to plot the samples into 3D space. The x axis is PC #1, the y axis PC #2 and the z axis PC #3. The samples are labeled by their respective cluster assignment (green-1, red-2, blue-3) and shaped by the severity of centrilobular necrosis observed. Gene expression components of all the differentially expressed genes in the phenotypic prototypes. Plotting of the gene expression component of the prototypes from the clusters generated from clustering the acetaminophen data using all ~3100 genes detected as differentially expressed. The blue, red and green lines denote the gene expression prototype from Clusters 3 (moderate necrosis), 2 (mild necrosis) and 1 (no necrosis) respectively. The indices for the genes are denoted on the x axis and the log 10 ratio values of the genes from the prototypes are signified on the y axis.. Gene expression components from selected genes in the phenotypic prototypes. Plotting of the gene expression component of the prototypes from the clusters generated from clustering the acetaminophen data using 86 genes selected as significant for distinguishing between levels of centrilobular necrosis. The lines and axes are as described in Fig. 4 . Venn diagram of genes identified as unique and significant. Interaction network of core genes expressed during moderate centrilobular necrosis. Differential expression of network focus genes according to the centrilobular necrosis phenotype. Table 1 Validation of the clustering of the samples ND signifies not done. K, C, R' and S denote the number of clusters, the cooling rate, the adjusted Rand Index and the General Silhouette respectively. Table 2 Weighting the domain data during clustering of the samples Clustering performed with k=3 and C=0.01.
* Adaptive weights.
